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ABSTRACT
The purpose of this research program is to study the separation of CaC03 particles and
polymer particles by controlling the operating variables of a hydrocyclone. In this experiment,
we separated CaC03 and polymer particles using a 120 mm body diameter hydrocyclone
manufactured by the KREBS Company. We varied the operating variables, including the
concentration of inflow solid, pressure drop, etc. In CaC03 and polymer particles separation
experiments using a solids concentration of 1 wt% and a solid inflow rate of 0.8 GPM, the cut
size (dso) and polydispersity index (POI) after separation, using the hydrocyclone, decreased
about 50 % and 70 %, respectively. Also, we achieved a narrower distribution range of 0.1 - 35
11m after separation of a relatively broad distribution of 0.1 - 120 11m. We predicted the polymer
particle separation using the Massarani and Stokes equation with this hydrocyclone separation
system. Howevcr, the cut size of thc separatcd polymer particles from the hydrocyclone did not
agrcc with the theoretical cut size prediction. In a separation of polymcr particles by
concentration, the cut sizc of polymcr particles in water incrcased ovcr 12 wt%.
1. Introduction
1.1 Purpose of Research
Hydrocyclones can separate almost any type of solid particles. The price, setup, and
operation of hydrocyclones is low and simple, and maintenance is minimal. In addition, the size
of a hydrocyclone is small relative to other separation devices.
The overall goal of this research program is to determine how to efficiently separate
polymer particles using a hydrocyclone. For example, polymer particles will commonly have a
broad size distribution, or particles that are too large or small. In these cases, the main purpose
of this research is to detennine if we can obtain a desired size range of polymer particles from
fractionating the particles introduced into the hydrocyclone by regulating the driving variables
of the hydrocyclone.
1.2 Hydroqclone Research History
Hydrocyclones were introduced by Bretney in 1891 [1]. Since then many scientists have
continued to innstigatc the hydrocyclone (e.g.. research of hydrocyc1one designs. separation
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efficiency, modeling, etc). Currently, the hydrocyc1one is primarily used in the pulp and
papermaking industries. In Europe, hydrocyc1ones are occasionally used for separation of
minerals (mainly coal) and dredging deposits processing [4,5,6] but lately use in the chemical
industry, petrochemical, textile, metal working, pulp, and other industries is also increasing. And
the number of application of hydrocyc1ones is still growing. Hydrocyc1one separation is usually
used in solid-liquid separation [2, 3].
Since hydrocyc1ones were introduced, there has been much research concerning their
design, operating parameters, separation efficiency, and modeling. However, there currently is
no theory that adequately predicts the separation phenomenon in a hydrocyclone. Most attention
has been paid to the analysis and modeling of fluid flow through the hydrocyclone. For example,
Chine and Concha [7] presented fluid flow analysis results and the fluid flow characteristics in
the interior of hydrocyc1ones and modeled these using simulation technology by Hsieh and
Rajamani [25].
Usually, hydrocyclones are used to separate mineral particles that have varying densities.
However. Cilliers and Harrison [8] utilized a hydrocyc1one to separate yeast suspensions. The
3
body diameter of the hydrocyclone used in those experiments was 10 mm. The pressure,
temperature, density of the particles, and diameter of the vortex finder (see Figure 2.1) were
some of the operating parameters that were studied. Their experiments showed that the
separation efficiency of yeast was increased at higher pressures, lower inflow density of
particles, higher temperature, and smaller diameter of the vortex finder. The importance of this
experiment was that it presented the possibility that microorganisms can be separated using a
small diameter hydrocyclone.
2. Background
2.1 Basic Concept of a Hydrocyclone
The concept of hydrocyclone separation is based on the effect of centrifugal force.
Cyclones typically process dusts; cyclones that process liquid slurries are usually called
hydraulic cyclones or hydrocyclones. The separation principal of cyclones is settlement by
centrifugal force. Floating particles undergo the effect of centrifugal acceleration which causes
particles to separate from fluid. The difference between hydrocyclones and centrifuges is that in
a hydrocyclone the fluid itself spins in the hydrocyclone interior while the hydrocyclone
remains stationary. In the hydrocyclone interior, the separation occurs between particles of
varying densities by rotational movement. The diameter of individual hydrocyclones ranges
from 10 mm to 2.5 m. The cut sizes of outflow solids range from 2 to 250 ~m. The inflow rates
(capacities) of single units can range from 0.1 to 7200 m3/11. The operating pressure drop can
vary from 0.34 to 6 bar. Smaller units are usually operated at higher pressure than the large ones
[9].
Figure 2.1 shows a cross-sectional diagram of a typical hydrocyc1one. A hydrocyclone
is constructed in such a fashion where a cylinder is combined with a cone. Particles suspended
in a fluid are accelerated in a tangential direction through an inlet that is located at the top of the
cylindrical section. Because of the tangential direction of the inflow, a strong whirlpool action
occurs in the interior of the cyclone. Part of the fluid including fine particles is discarded
through a cylindrical pipe that is fixed to the center of the hydrocyclone and extends some
distance into the cylinder interior. This pipe is called a overflow pipe or vortex finder. The
surviving liquid phase or the coarse particle fraction comes out through the underflow orifice,
which is the cone part located at the bottom of the hydrocyclone.
6
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Figure 2.1 Cross-sectional diagram ofa typical hydrocyclone. De is the body diametel; Dj is the
inlet diametel; Do is the overflow diametel; DII is the underflow diallletel; L is the body length, Le
is the cylindrical section length, Ze is the conical section length, I is the vortex finder length, and
e is the conical section angle.
2.2 The Flow Pattern of Fluid and Particles
The hydrocyc1one's flow pattem has circular symmetry, with exception of the area
around the tangential inlet duct. The velocity of flow at any point within the hydrocyc1one can
be analyzed with three componcnts: tangential vclocity VI. radial velocity Vr• and \"Crtical or
axial velocity Va. Thcsc can bc invcstigatcd indcpendently of cach othcr [9. 10]. MorcO\"Cr. some
-
I
values were determined experimentally by Kelsall. He used an optical device which did not
interfere with the flow inside the hydrocyclone. Figure 2.2 shows the flow pattern inside of a
hydrocyclone.
Figure 2.2 Hydrocycloneflow patterns.
2.2.1 Tangential Velocity
At the bottom edge of the vortex finder, the tangential velocity (VI) increases with
decreasing radius of rotational flo\\'; because the radius of the rotational flo\\' is larger than the
_.. -
vortex finder radius. This can be described by the following relationship.
Viyn = conslanl
where y is the rotational flow radius and n is generally between 0.6 and 0.9.
(2.1 )
If the radius is further increased, the tangential velocity decreases. This relationship
holds until the flow reaches the cylindrical air column, which normally forms inside of a
hydrocyclone discharging to the atmosphere. At the edge of the vortex finder, we can observe
the increasing of Vi that occurs at the larger radius inside the hydrocyclone. If this phenomenon
along with wall effects are neglected, tangential velocity remains constant. This Vi has the same
axis of rotation as the cyclone's cylinder because the Vi is independent of vertical position [9].
2.2.2 Axial Velocity (Vertical Velocity)
There is a strong downward flow along the outer walls of both the cylindrical and
conical portions in a typical hydrocyclone. This flow is essential to the hydrocyclone operation
because it removcs the particles that arc separated to the undcrflow ori fice. It is the rcason that
thc apex of the hydrocyclone points downward and the influence of apex position on cyclonc
ctlicicncy is vcry small. Morcovcr. thc position of thc apex with respect to gra\·ity docs not
influence cyclone efficiency.
The downward flow, which is dependent on the underflow-to-throughout ratio (Rr) is
partially counterbalanced by an upward flow in the core of the cyclone. The biggest downward
velocities occur near the cyclone wall above the edge of the vortex finder. Axial velocity is
increased in the space between the cyclone's interior wall and the vortex finder, thus a strong
downward flow can be observed around the vortex finder.
2.2.3 Radial Velocity
Radial velocity is much smaller than the axial velocity and tangential velocity. It is
difficult to measure the radial velocity accurately because it occurs in the interior of the
hydrocyclone. If the radius of the hydrocyclone is decreased, the radial velocity decreases.
The point along the radius where the radial speed is zero can not be detennined. At the
edge of the vortex finder, the outward rotational flow and the strong radial speed near the upper
part of the hydrocyclone towards the center of the vortex finder. Therefore, it derivcs short
circuit flow under the outside wall of the vortex finder [9]. These flow pattems arc highly
10
complex for water with a low specific gravity and viscosity, and it will be very different when
compared to another hydrocyclone system that was a different geometry or liquids of high
viscosity.
2.2.4 Motion of Particles in a Hydrocyclone
When solid particles are fed to a hydrocyclone, they will be dispersed rapidly because
of strong turbulent mixing at the inlet. However, there is little information about the behavior of
fluid in the cylindrical part of the hydrocyclone. This portion of the hydrocyclone is generally
regarded as the preliminary separation zone, while the more thorough separation is thought to
occur in the conical section. As Kelsell proposed, if fluid moves into the interior, all particles
that exist near the cone wall can move into the interior rapidly [I I]. Therefore, it is obvious that
if the fraction Rr of the feed liquid goes to the underflow, then the same fraction Rr of all
particles, regardless of their settling rate, must also go with the liquid, together with the particles
separated from the remaining fraction of the liquid (I - Rr) leaving in the underflow. This is an
important diagnostic phenomenon of the hydrocyclone, and can be observed when plotting the
actual grade eflicicncy curvc. In the hydrocyclone interior. a particle at any point within the
flow is subjected to two forces: acceleration duc to gra\·ity and centrifugal forces. and drag
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imposed on particle by the flow. Only centrifugal and drag forces are taken into account because
effect of gravity is usually negligible in hydrocyclones. The movement of a particle in both the
tangential and vertical (axial) directions does not encounter resistance by any forces. Therefore,
its velocity components in those directions can be taken to be equal to the corresponding flow
velocity components ~ and Va. Because the centrifugal force acts in the radial direction, it
prevents the particles from flowing inward to the interior of the hydrocyclone and particles are
subjected to control of "centrifugal elutriation" effect. If the centrifugal force that acts on the
particle is greater than the drag force, the particle moves rapidly to the outside; conversely, if the
drag is greater than centrifugal force, the particle moves to the inside. Because both the drag and
centrifugal forces depend on VI and Va respectively for given a particle, the relative values of Va
and VI of all positions within the separation zone detennines the overall performance of the
hydrocyclone operation [9].
2.3 The Hydrocyclone Separation Theory
Separation efficiency of a hydrocyc1one has the characteristic of probability theory.
This is related to the random nature of turbulent flo\\'.
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Coarse particles tend to separate more efficiently than fine particles. In fact,
hydrocyclone processes inflow solids according to the "Grade Efficiency" curve that increases
with increasing particle size [12]. The grade efficiency G (x) is a cumulative function describing
particle size distribution.
As the inflow slurry is fed to the hydrocyclone, it is divided by upward flow and
downward flow. As discussed above, two product flows exit the hydrocyclone: coarse particles
(course product, from the bottom of the hydrocyclone) and fine particles (fine product, from the
top). To increase the quantity of coarse particles it is desirable to separate by making a smaller
cut size of particles using a hydrocyclone [9].
2.3.1 Effect of Hydrocyclone Design Ratio
Correct practical use of a hydrocyclone is dominated by the design variables of the
device to separate solid from liquid. These variables include the diameter of feed, apex. and
vortex finder as well as diameter of the cone and body length [12]. The importance of each
design variables has bccn discussed by many scicntists [13. 14]. Here. we always must kecp in
mind t\\"O points.
1;.\
First, as a rule, all measurement devices that increase resistance to flow tend to improve
solids recovery. It is applied in the ratio of all cyclone bodies except the body length (L) of
cyclone in some proper limit. Therefore, for example, a cyclone that has relatively small inlet
and outlet diameters shows a high mass recovery ratio, but has a low capacity as a result because
resistance to flow is high [9].
The second point involves the importance of the underflow orifice diameter. A suitable
size must be carefully chosen during the design because estimation of the most appropriate
outlet size is impossible. It is such that the diameter of lower exit is most often regarded as a
driving variable rather than a design variable [9].
Rietema observed that overall size, optimum condition, and diameter of hydrocyclones
are all far smaller than those of gas cyclones. He also described a method to separate fine solids
or liquid with suspended solids using centrifugal force in the hydrocyclone interior [14]. Table
2.1 shows geometrical design ratios of typical hydrocyclones [9].
Table 2.1 Geometrical design ratios ofa typical hydrocyclone [9].
Hydrocyclone types Geometrical properties
and sizes
D/De DrlDe fiDe LIDe Angle 0,degrees
Rietema's design 0.28 0.34 0.4 5 20
Dc=0.075m
Bradley's design 0.133 0.2 0.33 6.85 9
Dc=0.038m (1/7.5) (1/5) (1/3)
Mozley's cyclone 0.154 0.214 0.57 7.43 6
Dc=0.022m (1/6.5) (3/14) (4/7)
Mozley's cyclone 0.160 0.25 0.57 7.71 6
Dc=0.044m (1/6.25) (1/4) (4/7)
Mozley's cyclone 0.197 0.32 0.57 7.71 6
Dc=0.044m (1/5) (1/3) (4/7)
Warman 3" Model RU 0.29 0.2 0.31 4.0 IS
Dc=0.076m (1/3.5) (1/5)
2.3.2 Effect of Driving Variables
There are several parameters that influence a Hydrocyclone's operation. There are
various kinds of driving conditions, for example pressure drop, feed concentration, feed particle
characteristics, temperature of feed suspension, degree of mixing in feed, inlet piping, among
many others [IS, 16, 17]. The most important parameters are the operating pressure drop and
feed concentration. If pressure drop is increased, separation efficiency increases but throughput
is decreased. Pressure drops are rarely increased above 5 or 6 bar. Typical driving pressure drop
for large size cyclones is 1 to 2 bars.
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If solids concentration in the feed increases, separation efficiency decreases rapidly.
Therefore, for high mass recovery rate (ET), a low concentration feed should be used [9].
2.3.3 Typical Size of Hydrocyclones and Application Range
Typical hydrocyclones have a diameter range of 10 mm to 2.5 mm, cut size (dso) of
most solids from 2 to 250 ~m, and flux (capacity) of 0.1 to 7200 m3/h range. Zanker described
that hydrocyclones can separate particles of 0.004 to 0.6mm [18]. The sizes of industrially
important particles are usually between 0.1 to 1000 ~m [15]. Driving pressure drop ranges from
0.34 to 6 bar. Generally, pressures are higher in smaller hydrocyclones than in larger ones.
From the data of several hydrocyclones, it has been found that despite the cyclone's size,
design, and driving conditions, the solids concentration of the underflow does not exceed 45 to
50 % of the total ratio of solid content in water [9, 19]. To use the hydrocyclone's advantages to
the maximum, it is best to sometimes use multistage cyclones connected in series or parallel
configuration. In a purification process for example, smaller cyclones in parallel give higher
efficiency. On the other hand. a serial configuration is used to improve the total recovery rate in
purification or to make the underflow more concentrated. Series configuration may aid in a
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cleaner overflow, or can more efficiently wash solid or do classification or sorting more exactly
[9].
2.3.4 Advantages and Disadvantages of the Hydrocyclone
A hydrocyclone has the following advantages.
First, hydrocyclones are multipurpose in applications. They can be ued to purify liquid,
to concentrate slurry, to classify or wash solid, to separate two liquids that are not miscible, to
abstract gas from liquid, or to sort particles according to density or shape.
Secondly, the price, setup, and operation of a hydrocyclone are simple and relatively
inexpensive. The need for maintenance and incidental equipment is low.
Third, a hydrocyclonc has a small size relative to other separation devices. For example,
compared to a gravity settling tank, a hydrocyclone occupies much less space and requires less
time than separation in a settling tank.
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Lastly, because strong shear forces can break up solid lumps or agglomerations, it gives
advantages in solid classification.
However, disadvantages of hydrocyclone are as follows.
First, as soon as a cyclone is installed and operated, it is fixed in some degree. Because
it displays a low turndown ratio from operation of hydrocyclone separation and is strongly
dependent on flux and inflow density. Namely, it is usually sensitive to inflow flux and solid
density.
Secondly, a limit exists m hydrocyclone separation concernmg sharpness of cut,
operating cut size, dehydration driving and power. Thus, some of these characteristics can be
improved but only through multistage arrangement, additional power or investment expense.
Third, a hydrocyclone is sensitive to abrasion and friction. Steps must be taken to
reduce the effect of friction.
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Fourth, cohesion cannot be used to assist separation as in gravity concentration tanks,
because of the existence of high shear forces.
2.4 Separation Efficiency of Hydrocyclones
2.4.1 The Mass Balance
The mass balance around a hydrocyclone is shown in Figure 2.3. Assuming that there is
no accumulation of material in the device, M is the total mass of the feed, Mr is the mass of the
overflow, and Me is the mass of the underflow. The mass balance can be written by eq (2.2).
(2.2)
If it is assumed that no aggregation occurs and the size of each individual particle is
preserved, the mass balance equation can be applied to all particle sizes. The mass of each
particle size, x, in the feed can be expressed by eq (2.3):
(2.3)
If we combine eq (2.3) with the particle size distribution frequency, it can expressed by
eq (2.4).
M dF = M. dFc + M f dFf
d'l 'd'l d'l
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(2.4)
Feed
M, dF(x)/dx, Q
Hydrocyclone
Overflow
NIt, dFf(x)/dx, Qf
Underflow Me, dFe(x)/dx, Qu
Figure 2.3 Mass balance across the hydrocyclone, where M is the total mass offlow, Mj- is the
mass of the overflow, Me is the mass of the underflow, Q is the feed volumetric flow rate, QII is
the underflow volumetric flow rate, and Qf is the overflow volumetric flow rate.
2.4.2 The Total Separation Efficiency
The total separation efficiency ET can be defined by all mass that flows into the
hydrocyc1one. This is expressed by eq (2.5).
ME
r
=_c
M
(2.5)
Eq (2.4) can be expressed as eq (2.6) using eq (2.5) as the particle ratio that exists bet\\-een
dF(x)ditTerent particle sizes x/ and x:. At this point, each element can be expressed as
ci\'
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(particle size distribution frequencies of feed), dFc(x) (particle size distribution frequencies of
dx
dFr{x)
coarse particles), (particle size distribution frequencies of fine particles).
dx
(2.6)
This is related to the flow into the hydrocyclone and the particle size distribution of the overflow
and underflow. If it is assumed there are two the particle sizes in the overflow and are expressed
as x/ and X2, eq (2.6) can be expressed by eq (2.7).
(2.7)
Ifwe rearrange eq (2.7), the total efficiency can expressed by eq (2.8) [9].
(2.8)
The grade efficiency appears as a S curve. The grade efficiency has the characteristic of
probability. If particles having size x go into a separation device, they must be separated or go
out with the fluid. For example, if only one particle flows in, grade efficiency can be only 100 %
or 0 %. If many particles flow into a separation device, probability expressions of separated
particles can yield many forms. The grade efficiency values cannot bc dccided by simple
calculation. Thcrefore, it must bc corrected by a coeflicient value detenllined expcrimcntally,
tirst using simple assumptions [9].
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The grade efficiency function is sometimes called the partition probability curve
because particular particles of the inflow are separated by some probability and can exit
according to the fluid flow. The cut size can be expressed as the particle size that corresponds to
50 % probability of the grade efficiency. We must first know the grade efficiency curve to
determine cut size. The grade efficiency curve can be expressed as eq (2.9), (2.10), and (2.11).
G(x) =(MJx /(Mt (2.9)
G(x) =E dFc (2.10)
T dF
ET =!G(x)dF (2.11 )
2.4.3 Reduced Efficiency
Net separation efficiency can be determined using reduced separation efficiency. Total
flow consists of overflow and underflow. We can observe actual separation efficiency to
determine the performance of the separation device excluding the effect of dead flux in the net
separation efficiency [20]. The most widely used equation is eq (2.12) which was presented by
Kelsall [21] and Mayer [22].
E' = ET - Rf
T 1- Rf
(2.12)
This equation is expressed by eq (2.13) if it is modified to consider Rf which is UIQ (the
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smallest efficiency due to dead flux), the ratio of underflow discharge amount U to total inflow
Q, and flow split phenomenon of the grade efficiency curve G (x).
G'(x) =G(x)- Rf
1- Rf
(2.13)
The reduced cut size X'50 is the size corresponding to G' (x) = 50 %. This reduced efficiency
concept is widely used in the hydrocyclone field [9, I0].
2.4.4 Limit of Separation
The particle size x value where grade efficiency becomes 100 % always exists. This x
value is the size of the majority of particles that remain in the overflow after separation (xmax.).
This phenomenon is called the limit of separation. Actually, the work that detennines the limit
of separation is vcry difficult. In these cases, the particle size that corresponds to 98 %
efficiency is mcasurcd. This is called thc approximation separation limit number or .\"98 [20].
3. Experiment Device and Methods
3.1 Experimental Hydrocyclone
The hydrocyclone used in this experiment is model U 0.5-1744 manufactured by the
KREBS Company. The hydrocyclone specifications are shown in Table 3.1 below. The symbols
are the same as in Figure 2.1.
Table 3.1 GeometlJ! ofthe KREBS model U 0.5-1744 hydrocyclone.
KREBS model U 0.5-1744
Hydrocyclone body diameter Dc 1.234 x IO-~ In
Hydrocyclone inlet diameter Dj 5.000 x 10-3 m
Hydrocyclone overflow diameter Do 3.175 x 10-3 m
Hydrocyclone underflow diameter Du 1.600 x 10-3 111
Hydrocyclone body length L 1.588 x 10- 1 111
Hydrocyclone cylindrical part length Lc 5.235 x 1O-~ 111
Hydrocyclone com part length Zc 1.062 x 10- 1 111
Vortex finder length I 1. 118 x 1O-~ 111
DjlDc 0.41
.-
DolDc 0.26
II Dc 0.91
LI Dc 12.87
Angle 0 5.6
2·1
3.2 Experimental Methods and Sample Properties
3.2.1 Experimental Set-up
Figure 3.1 shows a schematic diagram of the hydrocyclone apparatus used in this
research. Three sample tanks, each with a 10 gallon capacity, were used. The first tank held the
particle suspension before separation. The second tank was used to collect the overflow (fine
particles) and the third was used to collect the underflow (coarse particles). A flow meter was
placed at the inlet of the hydrocyclone and was used to regulate the flux and velocity of the flow
and pressure into the hydrocyclone.
Pressure gauge
Motor
Tank
Pump
Flow meter
Hydrocyclone
Figure 3.1 Schcmatic diagram ofhydroc.,·c!onc scparation systcm.
3.2.2 Driving Conditions
In our experiment, we changed the main variables and driving conditions to separate
CaC03 and polymer particles.
1. Feed rate
If the feed rate of the particles that mix with water Increases, rotary motion IS
accelerated and promotes fine particle and coarse particle separation In the interior of the
hydrocyclone. A particle with a high-density relative to water separates in a hydrocyclone better.
In this research, we determined the separation characteristics in a hydrocyclone by changing the
supply speed (0.1 GPM - 0.8 GPM)
2. Solid density change of supply sample
To grasp separation characteristics by solid density change of the supply sample. we
investigated separation characteristics by changing the concentration of the inflow sample by I,
3.5.7.10,12,15.17. and 20 wt %.
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3.2.3 Sample Characteristics
Calcium carbonate (CaC03) was used as a model material. The product density of
calcium carbonate was 2450 kg/m3and its particle size ranged from 0.1 to 50 Ilm. The polymer
particles used in this experiment were primarily polystyrene (PS) synthesized in the laboratory
by various emulsion polymerization methods. The average density of the PS polymer particles
was 1250 kg/m3. In one study where the separation of PS polymer particles was compared to
CaC03, a concentration of I wt% was used. The size of the PS polymer particles ranged from
0.1 to 120 Ilm. In another study where the effect of varying concentrations was observed, the PS
polymer particle concentration was varied from 1 to 20 wt%. In that study, the size of the PS
particles ranged from O. I to 190 Ilm.
3.3 Particle Size Analysis
A Horiba Particle Size Analyzer (HORIBA LA-91 0) was used for analyzing the cut size
(dso) of the particle before and after separation. The cut size is the median size of distribution in
this experiment. We analyzed each sample in triplicate to reduce measurement errors.
4. Results and Discussion
4.1 Rr Values
There are two outflows from the hydrocyclone: underflow flow from the lower part and
overflow flow from the upper part. The Rrvalue of the supplied sample is the volume split after
hydrocyclone processing. This is expressed as the ratio of feed rate (Q) to underflow rate (U) [9].
This is a characteristic of the friction that is present in the interior of the hydrocyclone. A low Rr
value generally means that the separation has gone well. Figure 4.1 shows how the Rr values
change as the inflow rate is increased from 0.1 to 1.2 GPM (gallon/min) and the inflow sample
concentration is varied from 1 % to 5 %. In the KREBS hydrocyc1one used for this research, the
Rr value is independent of the inlet solids concentration. The Rr value rapidly decreased to 0.3 at
0.3 GPM, then slowly decreased to about 0.2 and remained fixed at higher flow rates.
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Figure 4.1 R(values as afimction o/inlet velocity at three CaC03 concellfrations.
4.2 Degree of Separation
The purpose of this research was to observe how efficiently polymer particles could be
separated by regulating the operating variables of a hydrocyclone. The effect of feed rate on the
separation efficiency was observed using a fixed solids concentration of I wt%. Figure 4.2
shows the particle size distribution of the overflow stream for diflerent feed rates. As seen in
Figure 4.2. the separation ctlicicncy incrcases as the fccd ratc increascs. Howcvcr. scparation at
0.7 aPM and 0.8 aPM appeared to be almost the same since the particle size distributions are
almost identical. This can be considered to be the maximum separation ability of the
hydrocyclone used in the experiments. Here, the CaC03 distributions shifted towards smaller
sizes than those of the feed. This indicates that the separation of CaC03 is more efficient than
that of the polymer particles at the same inflow concentration. As described before, the density
of CaC03 is higher than polymer particles. High density particles will have better separation
efficiency due to larger centrifugal forces [9]. Therefore, this suggests that CaC03 particles
separate more efficiently than polymer particles. Figure 4.3 shows the cumulative mass fraction
G {.t} of each sample based on results from Figure 4.2.
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4.3 Total Separation Efficiency and Reduced Separation Efficiency
As seen in Figure 4.2, the separation efficiency of CaC03 particles is better than that of
the polymer particles. The total separation efficiency £T can be defined by the mass that flows
into the hydrocyclone. This is expressed by eq (4.1):
£, = Me
M
where M is the total mass flow and Me is the mass of the underflow.
(4.1 )
CaC03 particles have a higher density relative to the polymer particles, and thus, are
more strongly influenced by the effect of the centrifugal force present in the hydrocyclone.
Therefore, when separation occurs in a hydrocyclone, more CaC03 particles move toward the
outer wall of the hydrocyclone as compared to polymer particles. This means that the number of
CaC03 particles exiting from the overflow is less than that for the polymer particles. This
phenomenon influences the total separation cfficiency. As seen in Figurc 7, in thc whole range
of 0.2 - 0.8 GPM, the total scparation cfficiency of CaC03 is higher than that of the polymer
particles, where a Iargcr number of "coarsc" particles are scnt to the underflow during the
CaCO] separation. compared to polymcr particlc scparation.
Figure 4.4 (a) shows the experimental total separation efficiency value and Figure 4.4
(b) shows the reduced separation efficiency. The pressure drop has a large effect on the Rr value
as proposed by Kelsall [11] and Mayer [22] and the effect of dead flux decreases with increasing
pressure drop. In this experiment, the Rr values leveled off at about 0.2 at about 0.4 GPM. Thus,
at flow rates of 0.4 GPM and above, dead flux is not affected by the pressure drop. As seen by
comparing Figure 4.4 (a) with Figure 4.4 (b), the reduced separation efficiency of polymer
particles appears to be lower than that of CaC03 overall. A major cause of this is most likely
due to the difference in densities.
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4.4 Cut Size and Size Distribution of CaC03 and Polymer Particles
Figure 4.5 shows the cut size obtained from the size distribution after separation as
compared to the cut size obtained from the size distribution of the feed. Figure 4.5 (a) shows the
median values of the size distribution analyzed by the particle size analyzer after separation by
the hydrocyclone. Figure 4.5 (b) shows the values obtained from Figure 4.5 (a) corrected to
exclude the effect of dead flux in the hydrocyclone. As shown in Figure 4.5, the separated cut
size is much smaller than the cut size of the raw materials. This indicates that a hydrocyclone
can separate raw materials efficiently.
In Figure 4.5, at 0.8 GPM, the separated cut size decreased about 50 % from the cut size
of the raw materials in the case of the CaCO) particles. In the case of the polymer particles, the
cut size decreased about 70 %. Thus, it is considered that the CaC03 particles are separated
more etliciently than polymer particles. During the separation of CaC03. more coarse particles
escape to the underflow compared to the separation of polymer particles.
Figure 9 shows the polydispersity index of separated CaCO) particles and polymer
particles. Polydispersity index (POI) is defincd in cq (4.2) [23]:
PDf = D"
D"
where Dw is weight average particle size and Dn is number average particle size.
(4.2)
Figure 4.6 shows that as the pressure drop Increases, the polydisperity index of
separated particles gets narrower.
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4.5 Scale-up
In this section, all parameters related with scale-up, such as Reynolds number, Euler
number, and Stokes number (Stk50), are calculated for each given inflow speed, sample
concentration, flux, etc. during separation by the hydrocycione. The Euler numbers (£11) and
Reynolds numbers (Re) were calculated using eq (4.3) and (4.4). The Euler number is defined as
eq (4.3):
£ !1Pgc11=--V :!P z
(4.3)
where Vz is the fluid velocity, p is the liquid density, I1P is the pressure drop, and gc is
gravitational acceleration. This dimensionless number relates the pressure drop in the cyclone
(I1P) with the kinetic energy per unit volume being fed. The larger the Euler number, the higher
the energy costs requircd by the cquipment.
Thc Reynolds numbcr is a dimcnsionless flux variable that cxpresses the now of fluid
through a pipc. This is essentially the ratio of laminar and turbulent flo\\' properties. Turbulence
increases as the Reynolds number increases. The Reynolds number is defined as eq (4.4):
Re = V1Dcp
p
where Dc is the hydrocyclone body diameter and,ll is the liquid viscosity.
10
(4.4)
As shown in Table 4.1, both of these dimensionless values increase proportionally with
flow rate. A higher Euler number means more energy is consumed in the hydrocyclone. It
increases proportionally with the pressure drop. The Reynolds number is the dimensionless
number that describes the fluid flow state in the interior of the hydrocyclone. The higher this
value is, the more turbulent the flow. The Reynolds number and Euler number do not depend on
concentration. A water pump was used to feed the hydrocyclone. The Reynolds number has no
meaning with respect to liquid concentration and density because strong shear forces occur in
the water pump. For this reason, these two values calculated from the CaC03 particle or
polymer particle separations have the same values. The Stokes number, Stkso. is defined as the
ratio of the stopping distance of a particle to a characteristic dimension of the obstacle. For a
Stokes number that approaches zero, the particles follow the streamlines perfectly, and for large
Stokes numbers, the particles resist the change in direction. Stkso values are calculated using eq
(4.5):
(4.5)
where -'"50 is cut size. the same as d50.
As sho\\'11 111 Tahle 4.1. the Stk5f ) \'alues for CaCO.:1 decrease as the pressure drop
.j 1
Increases. This means that as the flow becomes more turbulent, particles present more
obstructions to flow. Thus, a material with a higher density sinks faster in water, and offers more
resistance. However, the Stkso values of the polymer particles increase as the pressure drop
increases. This is thought to occur because the polymer particles have a density (1250 kg/m3)
closer to that of water, and either flows with the water or floats on the water because of the
turbulent flow phenomenon. The values of the scale-up constant (Stkso X Ell (X 102)) and
running cost criterion (Stks04/3 X Ell (X 10'3)) for CaC03 and polymer particles appear in Table
4.1. The scale-up constant is a dimensionless group used for design of commercial cyclones.
The running cost criterion is a dimensionless group used for determining the minimum pressure
drop (tlP), which is directly related to operating cost of the hydrocyclone. In the case of
polymer particle separations, the scale-up constant value could not be calculated because the
Stkso values increase with increasing flow rate.
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Table 4.1 Calculated values/rom a hydrocyclone separation (l wt% CaCO] and I wt% polymer
particles)
GPM 1 wt% CaC03 particles 1 wt% polymer particles
Reynolds number (X 103)
0.8 5.21 5.21
0.7 4.55 4.55
0.6 3.90 3.90
0.5 3.25 3.25
0.4 2.60 2.60
0.3 1.95 1.95
0.2 1.30 1.30
Euler number (X 103)
0.8 1.12 1.12
0.7 1.06 1.06
0.6 0.96 0.96
0.5 0.89 0.89
0.4 0.81 0.81
0.3 0.80 0.80
0.2 0.62 0.62
Stokes number (X 10'5)
0.8 4.43 9.39
0.7 4.23 8.49
0.6 4.75 7.91
0.5 5.12 7.20
0.4 5.27 6.48
OJ 5.73 5.51
0.2 5.26 4.23
,
0.044 NAStk.<o x Ell (X 10")
Srk.<o': 3 x Ell (X 10'3) 1.608 I 2.584
4.6 Prediction of Cut Size of Polymer Particles
Figure 4.7 compares the cut size values predicted using the Massarani equation and the
cut size of CaC03 that was observed experimentally. Massarani's equation is shown in eq (4.6)
and relates the cut size diameter, dso, a parameter K, which depends on the shape of the cyclone,
the volumetric flow rate of the feed, Q, liquid viscosity, fl, hydrocyclone diameter, Dc, liquid
density, p, and the solid density, ps.
(4.6)
The function g (Cy ) corrects for the effect of concentration on cut size diameter. For
experiments with a highly diluted suspension g (Cv) is approximately equal to one [24]. The
experimental separated cut size values of CaC03 agreed well with the predicted cut size values,
regardless of the inflow speed.
Figure 4.8 compares the cut size values of the polymer particles predicted using the
Massarani and Stokes equations and the cut size values of polymer particles found
expcrimcntally. We can scc that the predicted values are the same regardless of \\'hether the
i\1assarani or the Stokes equations are used. However. the cut size of polymer particles found
experimcntally did not agrce with the predicted cut size valucs. The actual cut sizes of polymcr
particles were larger than predicted. The difference became larger as the pressure drop increased.
This discrepancy is thought to have been caused by the Stkso values as described earlier. Since
CaC03 particles exhibit a resistance in flow because of their higher density, the relatively less
dense polymer particles do not have the same resisting power and move with the water phase so
that they are not as efficiently separated. In conclusion, the Massarani and the Stokes equations
can be used to predict the cut size of high density particles, but a correction factor is needed to
accurately predict the cut size of low density particles.
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4.7 Separations of Polymer Particles by Varying the Concentration
Figure 4.9 shows separated polymer particle size distribution at varying concentrations
of particles. As seen in Figure 4.9, the plots coincide exactly from I wt% to 12 wt %. However,
the plot shows that the separation efficiency starts to decrease at 15 wt%. At 20 wt%, the particle
distribution plot is shi fted toward the distribution of the feed polymer particles. This means that
the separation efficiency at 20 wt% decreases markedly in the hydrocyclone. Our results show
that the separation efficiency began to drop at feed concentrations higher than 12 wt%.
The total separation efficiency (£1) and reduced separation efficiency (£ \) were
calculated from the results shown in Figure 4.9. Those are seen in Figures 4.10 (a) and (b).
These two results show that the separation efficiency starts to decrease at concentrations higher
than 15 wt%. Based on these results, we believe that I to 12 wt % is the optimum concentration
for bcst scparation cfficicncy.
Figurc 4.11 shows thc cut sizcs of separated polymer particlcs. In Figurc 4.11. therc is
no change of cut sizcs from I to 12 wt%. HO\\·c\·cr. at 15 wt% thc cut size starts to incrcasc. As
shO\m JI1 Figure 13 (a) and (b). Figure 4.11 shows that the separation efficiency of the
,-
'jl
hydrocyclone decreases at feed concentrations higher than 15 wt%.
1902005040
--- Raw polymer particles
-0- 1 wt% overflow
o 3 wt% overflow
t:. 5 wt% overflow
--;r- 7 wt% overflow
-0- 10 wt% overflow
--+.- 12 wt% overflow
-u- 15 wt% overflow
K- 17 wt% overflow
-;;- 20 wt% overflow
"
"
""- ....
----- ...
30
....
\
\
\
\
\
\
\
\
"
2010
25
-~0 20
->.
0
c:
0,) 15;j
0"
0,)
L..
't- 10
0,)
E
;j 50
>
0
0
Diameter (/lm)
Figure 4.9 Separated polymer particle distributions for various initial concentrations of
particles.
100
80
-
60~0
-us- 40
20
0
0 5
• •
10 15 20
Concentration of
polymer particles in water (wt%)
(a)
60
50
40
-~0 ~- 30 -- - -.. I-
UJ - - ~20
10
2015105
0-+----..,-----.-----..------1
o
Concentration of
polymer particles in water (wt%)
(b)
Figure 4.10 (a) calculated total separatiOlI eJ)icien(~\' rEr). and rh) reduced separatiol1
e.tficiel1(\' (E' r) as aJimctio/l (?(col1ccl1tratilm (?(po~nl1er particles ill lratcr (lrt'\)).
·El
26 ...-------------------.,
24
-E
::t
~ 18
-01[)
16
/ Raw polymer particles
2015105
14 +----r----~---___r_-----f
o
Concentration of
polymer particles in water (wt%)
Figure 4.11 Cut sizes of separated polymer particles as a function of i/!floH' solids
concentration
50
5. Conclusions
In these experiments, polymer particles having a broad distribution range (0.1 - 120
11m) can be separated by a hydrocyclone to yield a narrow distribution range (0.1 - 35 11m) of
polymer particles. In CaC03 and polymer particles separation experiments using solids
concentration of 1 wt% and a solid inflow rate of 0.8 GPM, the cut size (dso ) and dispersion
index after separation using a hydrocyclone decreased about 50 % and 70 % respectively. In a
separation of 1 wt% of polymer particles in water, the cut size of separated polymer particles did
not agree with the values predicted using the Stokes and Massarani equations. The difference
between the experimental and predicted values increased with pressure drop. In separations of
polymer particles of varying concentration, the cut size was unaffected by solids concentration
up to 12 wt%, but cut sizes increased and separation efficiency decreased at solids
concentrations above 12 - 15 wt%.
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Nomenclatures
symbols unit
L Hydrocyclone length m
Le Height of hydrocyclone cylindrical part m
I Vortex finder length m
De Hydrocyclone diameter m
Dj Feed inlet diameter m
Do Overflow diameter m
Du Underflow diameter m
Ze Height of hydrocyclone cone part m
M Total mass flow Kg/s
Me Mass of underflow Kg/s
Mr Mass of overflow Kg/s
ET Total separation efficiency %
E'T Reduced total separation efficiency %
G (x) Grade efficiency
G' (x) Reduced grade efficiency
([orx Particle diameter m
(Iso Cut size m
(['so Reduced cut size m
Rr Underflow to throughput ratio
Q Feed volumetric flow rate m3/s
Qu Underflow volumetric flow rate m3Is
Qr Ovcrflow volumetric flow ratc m3/s
II Liquid viscosity Pa's
p or pr Liquid dcnsity Kg/m3
ps Solid density Kg/m3
V7 Fluid vclocity m/s
Gravitational acccicration
,
ge m/s-
ilP Pressure drop Pa's
Rc Rcynolds number
Ell Euler number
Stk511 I Stokes number I
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